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Preliminary microarray analysis of cDNA from rice roots revealed an up-regulated transcript that was highly expressed in a 
five-day iron deficiency treatment. The entire sequence of this gene was determined by bioinformatics analysis. There were no 
proteins with significant levels of similarity detected in public databases. This novel gene with unknown biological function 
was designated as OsDPR (dwarf phenotype-related gene). We constructed a stable plant expression vector pCAM-
BIA1302-OsDPR::GFP and produced transgenic tobacco plants. The phenotypes suggested that OsDPR restrained the growth 
of transformed plants. To understand the mechanisms of this suppression effect, cell size and number were compared between 
transformants and wild-type plants. The cell proliferation rate was lower in OsDPR transgenic BY-2 cells than in wild-type 
cells, but OsDPR expression did not affect cell size. Moreover, the cell division-related gene CyclinD2.1, which is involved in 
plant growth, was down-regulated in transgenic tobacco plants. These findings suggested that the novel iron-regulated gene 
OsDPR is responsible for the nanism phenotype of transgenic seedlings because of the inhibition of plant cell proliferation. 
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Iron is an essential micronutrient for plants. It functions as 
an electron donor and acceptor, and it serves as a functional 
component of a number of metalloenzymes involved in es-
sential biochemical progress such as respiration and photo-
synthesis [1]. However, excess iron generates hydroxyl rad-
icals, which can damage biological molecules and are not 
conducive to plant growth [2]. Consequently, maintaining 
iron homeostasis is crucial for plants. Unfortunately, iron is 
not easily absorbed because of its low solubility in neutral 
and alkaline conditions [3]. Thus, the uptake and utilization 
of iron in plants is highly regulated and coordinated [4].  
Higher plants have evolved two iron uptake strategies for 
iron solubilization and acquisition [5]. Strategy I, the 
so-called reductive mechanism, functions in dicots and 
nongraminaceous monocots [6]. First, the roots secrete abun-
dant protons via H+-ATPases to acidify the rhizosphere un-
der iron deficiency, thereby increasing the solubility of Fe3+ 
[7]. Then, the soil Fe3+ is reduced to the more soluble form, 
Fe2+, by membrane-bound Fe3+-chelate reductases, and then 
the Fe2+ is transported into epidermal cells via the divalent 
metal transporter (IRT; iron-regulated transporter) [4]. 
Strategy II is based on chelation, and is specific to gramin-
aceous plants. It is mediated by the synthesis and secretion 
of natural iron chelators, the mugineic acid (MA) family of 
phytosiderophores [2]. MAs are secreted from roots and 
solubilize rhizospheric Fe3+ [5]. The resulting Fe3+-MA 
complexes are absorbed into the root cells by the yellow-         
stripe-like (YSL) iron transporters [2]. There is evidence 
that rice acquires iron via strategy I and strategy II [6]. 
OsYSL15 and OsIRT1, which encode an Fe3+-MA and an 
Fe2+ transporter, respectively, have been characterized in 
rice [2]. As an efficient Fe2+ uptake system, strategy I is 
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activated when the synthesis of deoxygen mugineic acid in 
strategy II is blocked [8]. 
Low iron availability causes undesirable changes in plant 
growth and can be a major abiotic stress in crop production 
[5]. Thus, investigating the genes that respond to iron defi-
ciency could lead to the production of plants with greater 
adaptive capacity in iron-deficient environments. In our 
previous study, we found a wide range of iron-regulated 
genes in rice roots using a cDNA microarray with 10531 
individual sequences [9]. Gene expressions were compared 
between plants grown in iron-sufficient and iron-deficient 
conditions for 5 d. In total, 451 cDNA sequences were dif-
ferentially expressed, among which 203 genes were 
up-regulated under iron deficiency and 248 genes were 
down-regulated. Based on bioinformatics and database 
analyses, we conducted primary functional classification of 
the genes that were up-regulated under iron deficiency. This 
current study focuses on OsDPR (dwarf phenotype-related 
gene), one of the genes up-regulated under iron deficiency.  
To investigate the function of OsDPR, the gene was 
cloned from rice roots and overexpressed in transgenic to-
bacco plants. The phenotype showed that the shoots and 
roots of transformants were shorter than those of wild-type 
plants, which suggested that OsDPR is associated with plant 
growth regulation. The growth-repression effects of various 
kinds of factors can be related to the regulation of cell ex-
pansion or cell division [10]. In the present study, we ex-
amined both the size of cells in transgenic tobacco plants 
and cell proliferation of transformed BY-2 cells. We con-
cluded that cell proliferation, not cell expansion, was influ-
enced by OsDPR overexpression. In addition, the low ex-
pression of the cell cycle regulatory gene CyclinD2.1 in the 
transformed tobacco plants further indicated that OsDPR 
suppressed plant growth by affecting cell division.  
1  Materials and methods 
1.1  Bioinformatics analysis of OsDPR 
NCBI Unigene (http://www.ncbi.nlm.nih.gov/unigene) was 
used to locate OsDPR on the rice chromosome and NCBI 
Spidey (http://www.ncbi.nlm.nih.gov/IEB/Research/Ostell/  
Spidey/) was used to analyze the OsDPR gene structure. 
The open reading frame (ORF) of OsDPR was predicted 
and located in the first exon using DNAMAN software. The 
CpG island was identified by EBI CpGPlot (http://www. 
ebi.ac.uk/Tools/emboss/cpgplot/). The transmembrane do-
main was predicted by TMHMM Server v. 2.0 (http:// 
www.cbs.dtu.dk/researchgroups/). The signal peptide was 
analyzed by SignalP-HMM (euk) (http://www.cbs.dtu.dk/ 
services/SignalP-1.1/). Leucine zipper structures were iden-
tified using the ExPASy PROSITE database (http://         
prosite.expasy.org/). We searched for homologs of OsDPR 
using protein BLAST (Basic Local Alignment Search Tool) 
in NCBI. 
1.2  Plant materials and growth conditions 
Rice seeds (Oryza sativa L. cv. Japonica) were washed with 
tap water several times, sterilized with 2% NaClO for 30 
min, washed again, and germinated on paper soaked with 
distilled water at 29°C in the dark for 2–3 d. After germina-
tion, the seedlings were transferred to a plate of sterile ver-
miculite and cultivated in a greenhouse at 25–30°C under a 
16/8 h light/dark cycle. When the third leaf appeared, the 
seedlings were transferred to a plastic container containing 
distilled water. After 7 d, the seedlings were cultivated on 
Hoagland nutrient solution either with (100 mol L1 Fe(II)-      
EDTA) or without iron treatment for 5 d. Then, the roots 
were collected from the rice seedlings and used for experi-
ments.   
1.3  OsDPR ORF cloning and plasmid construction 
1.3.1  ORF cloning and determination of transcriptional 
start site 
Total RNA was isolated from rice roots using a NucleoSpin 
RNA Plant kit (Macherey-Nagle, Germany). RT-PCR was 
performed according to the manufacturer’s protocol 
(TaKaRa RNA PCR Kit (AMV) Ver. 3.0). The ORF of 
OsDPR was amplified from cDNA using the primers 5′- 
AGCCATGGATGAGTATAACAGAAATTTTGG-3′ (for-
ward) and 5′-TCACTAGTCTAAAATTTGCTTCTTTCC- 
TCCT-3′ (reverse). An NcoI site was introduced at the 5′ 
end of the ORF, and a SpeI site at the 3′ end. The PCR 
product was purified using the Glassmilk method (Bio-
Dev-Tech, China) and subcloned into the pMD-18T vector 
(TaKaRa, Japan). To determine the transcriptional start site 
of OsDPR, primer set 1 (p1 and p3) and set 2 (p2 and p3) 
were used to obtain the 5' flanking sequence. We validated 
the amplification results by sequencing. The sequences of 
the primers were as follows: p1, 5′-TCATCCAACGCA- 
TGAGAT-3′; p2, 5′-AGGTCCCAGCTCGGATC-3′; and p3, 
5′-CTAAAATTTGCTTCTTTCCTCCT-3′.  
1.3.2  Construction of pCAMBIA1302-OsDPR::GFP 
We constructed a stable plant expression vector containing 
OsDPR. The coding frame of OsDPR was amplified from 
the plasmid pMD-18T-OsDPR using the primers mentioned 
above and then introduced into the pCAMBIA1302 vector 
digested with the restriction enzymes Nco I and Spe I 
(TaKaRa, Japan) (Figure 1). GFP, as a tag for expression, 
was linked to the C-terminus of the OsDPR ORF. The re-
combinant plasmid was fully sequenced. 
1.4  Transformation of tobacco plants 
The stable plant expression vector pCAMBIA1302-     
OsDPR::GFP was transformed into tobacco plants (Nicoti-
ana tabacum var. Samsun NN) using Agrobacterium-        
mediated transformation. After 2 d of co-cultivation on MS  
1084 Naren, et al.   Sci China Life Sci   December (2012) Vol.55 No.12 
 
Figure 1  Diagram of the stable expression vectors pCAMBIA1302 and pCAMBIA1302-OsDPR::GFP. 
(Murashige and Skoog) medium in the dark at 28°C, the 
tobacco leaf discs were transferred to the selection medium 
(MS medium containing 2.0 mg L1 6-benzyl aminopurine, 
0.5 mg L1 naphthylene acetic acid, 500 mg L1 carbenicil-
lin and 20 mg L1 hygromycin, the selection marker used 
for transformation) and cultivated at 25–28°C under a 16/8 
h light/dark cycle. Shoots 2–3 cm in length were cut and 
placed on rooting medium (MS medium containing 20 mg 
L1 hygromycin and 500 mg L1 carbenicillin) for approxi-
mately 3 weeks. Some hygromycin-resistant plants devel-
oped normal roots on the rooting medium and grew into 
seedlings after another 2 weeks. We obtained T3 progeny 
seeds derived from the transformants expressing OsDPR. 
To analyze the phenotype of transgenic tobacco, the plants 
were cultivated on MS medium without or with iron (37.3 
mg L1 Na2-EDTA, 27.8 mg L1 FeSO47H2O).    
1.5  Observation of tobacco roots and measurement of 
root cell size 
Wild-type and OsDPR-transformed tobacco plants were 
vertically cultured on 1/2 MS medium for 1–2 weeks. The 
roots were treated with PI (propidium iodide) staining solu-
tion (5 g mL1) for 5 min and observed under a laser scan-
ning confocal microscope (Leica TCS-SP2, Germany) using 
a 536 nm excitation wavelength and a 617 nm emission 
wavelength. Cells in the maturation region of the root tip 
were chosen for observations and measurements. The length 
of 120 mature cells was measured from 6 roots of wild-type 
and OsDPR-transformed tobacco plants, respectively. The 
transgenic plants used for measurements and statistical 
analysis were from three different lines. 
1.6  Transformation of tobacco BY-2 cells 
The tobacco BY-2 cells were cultivated in NT medium (MS 
medium containing 0.6 mg L1 2,4-dichlorphenoxyacetic 
acid, pH 5.8) in the dark at 28°C and 120 r min1 for 5 d. 
Agrobacterium strains carrying the vectors were grown in 
YEB medium to an A600 of 0.4–0.5. A 200-µL aliquot of 
Agrobacterium in YEB medium was added with 20 µmol 
L1 acetosyringone to 8 mL NT medium containing culti-
vated tobacco BY-2 cells. The cells were placed in the dark 
at 28°C for 2 d, washed twice with NT medium containing 
carbenicillin (500 mg L1), and then centrifuged at 110×g 
for 4 min. The transformed BY-2 cells were selected on 1/2 
NT medium containing 500 mg L1 carbenicillin and 20 
mg L1 hygromycin as the transformation selection marker. 
1.7  Western blotting and GFP detection 
Total protein was extracted from wild-type and OsDPR-      
transformed BY-2 cells. A 3-mL aliquot of BY-2 cells was 
pulverized in liquid nitrogen and suspended in 10 mL ex-
traction buffer (25 mmol L1 Tris-HCl pH 7.5, 10 mmol L1 
KCl, 20 mmol L1 MgCl2, 1 mmol L1 DTT, 1 mmol L1 
PMSF). After centrifuging at 9200×g for 30 min, the super-
natant was transferred to a new centrifuge tube, and 6 vol-
umes of 10% TCA were added to the tube. The proteins 
were precipitated for 2 h at 20°C, and the supernatant was 
removed after centrifuging at 11100×g for 30 min. The pel-
let was washed with acetone containing 0.07% -merca-          
ptoethanol for 1 h, centrifuged at 11100×g for 30 min, and 
subjected to two further rounds of washing with etha-
nol:ether (1:1) and centrifugation at 11100×g for 30 min. 
The pellet was dissolved in dissolving solution (62.5 mol 
L1 Tris-HCl pH 7.5, 2% SDS, 10% glycerol, 5% 
-mercaptoethanol, 0.001% bromophenol blue, 4°C). Total 
proteins were separated by SDS-PAGE [11] and transferred 
to a PVDF (polyvinylidene difluoride) membrane by elec-
troblotting [12]. An anti-GFP antibody was used for detec-
tion. 
The GFP tag expressed in OsDPR transgenic tobacco 
plants was detected using a GFP-Meter (Opti-Sciences, 
 Naren, et al.   Sci China Life Sci   December (2012) Vol.55 No.12 1085 
USA) according to the manufacturer’s protocol. 
1.8  Real-time quantitative PCR and detection of 
OsDPR::GFP expression 
Total RNA extraction and RT-PCR were performed as de-
scribed above. Real-time PCR was performed in a Ro-
tor-Gene 3000 using SYBR Premix Ex Taq (TaKaRa). 
OsDPR was amplified using the primers 5′-TGTGAG- 
CATGGCAATGTATG-3′ (forward) and 5′-AGGTAGCA- 
CCAGGTTGATCC-3′ (reverse). The primers for OsActin, 
which was used as the reference gene, were 5′-CAGCACA- 
TTCCAGCAGAT-3′ (forward) and 5′-GGCTTAGCATTC- 
TTGGGT-3′ (reverse). The tobacco CyclinD2.1 gene was 
amplified using the primers 5′-CACTTAGACAAGGGT- 
AGAG-3′ (forward) and 5′-CCAATAGGACTTTGAGGTA- 
3′ (reverse). The primers for the reference gene, tobacco 
Actin, were 5′-CTATTCTCCGCTTTGGACTTGGCA-3′ 
(forward) and 5′-AGGACCTCAGGACAACGGAAACG-3′ 
(reverse).  
The expression of OsDPR::GFP was detected by 
RT-PCR using the primers 5′-GCTTTTCAAGATACCC- 
AGAT-3′ (forward) and 5′-TTACAAACTCAAGAAGGA- 
CC-3′ (reverse). 
1.9  Subcellular localization of OsDPR 
Pieces of onion epidermis were cultivated on MS medium 
for 1 d at 25°C under a 14/10 h light/dark cycle. Agrobacte-
rium strains carrying the vectors were grown in YEB me-
dium to 0.4–0.5 A600, collected by centrifugation, and re-
suspended in YEB medium. The pieces of onion epidermis 
were placed in YEB medium containing the Agrobacteria, 
co-cultivated for 40–60 min, and then placed on filter paper 
to remove excess liquid. Finally, the pieces of onion epi-
dermis were placed in MS medium containing carbenicillin 
(500 mg L1) to arrest Agrobacterium growth. Two days 
later, the OsDPR::GFP fusion protein was transiently ex-
pressed in the onion epidermal cells, and the fluorescence 
was observed under a laser scanning confocal microscope 
(Leica TCS-SP2, Germany) using a 488 nm excitation 
wavelength and a 505–520 nm emission wavelength to de-
tect GFP. 
1.10  Transformation of rice plants 
The stable plant expression vector pCAMBIA1302-     
OsDPR::GFP was constructed as described above. The 
Agrobacterium-mediated transformation procedure was as 
described by Hiei et al. (1994).     
1.11  Statistical analysis 
Data were analyzed using the independent sample t-test 
(SPSS software). A P-value less than 0.05 was considered 
statistically significant. Quantitative results are expressed as 
mean±standard deviation (SD). 
2  Results  
2.1  OsDPR highly expressed under iron deficiency 
The microarray gene expression result of 10531 cDNA se-
quences indicated that OsDPR was one of 203 up-regulated 
transcripts that were highly expressed in rice roots under a 
5-day iron deficiency treatment [9]. To further confirm this 
result, real-time PCR was used to verify the expression pat-
tern of OsDPR in rice. OsDPR mRNA was predominantly 
detected in rice roots on the 5th day of the 5-day iron defi-
ciency treatment (Figure 2), while its expression was negli-
gible under iron-sufficient conditions. The real-time quanti-
tative PCR result was consistent with the results of the 
cDNA microarray analysis. 
2.2  Sequence analysis of OsDPR 
The EST sequence of OsDPR from cDNA microarray anal-
ysis was identified in the NCBI EST database. Using in 
silico methods, we obtained a 1.9-kb sequence that was 
identical to a rice cDNA in NCBI with unknown function. 
The genome sequence corresponding to the 1.9 kb cDNA 
was analyzed by bioinformatic methods to determine the 
entire sequence of OsDPR. The sequence of OsDPR, which 
is approximately 3 kb long, is located on chromosome 11, 
and contains three exons and two introns. A short ORF, 
which is contained within the first exon, encodes a 9.68-kD 
protein with 86 amino acids (Figure 3B). 
To determine the transcriptional start site (TSS), total 
RNA was isolated from rice roots and used as a template for 
RT-PCR. We designed two forward primers, p1 and p2, 
approximately 20-bp upstream and downstream, respec-
tively, of the predicted TSS. The reverse primer, p3, was 
designed within the ORF (Figure 3B). In a two-step 
RT-PCR, 530-bp bands were amplified from rice root total  
 
 
Figure 2  Real-time PCR analysis of OsDPR expression in rice roots with 
(+Fe) or without (Fe) iron treatment. ***, P<0.001, n=3. 
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Figure 3  Analysis of OsDPR nucleotide sequence. A, Agarose gel electrophoresis analysis. Lane M, Marker D2000 (Tiangen Biotech, China); lanes 1 and 
2, fragments amplified with primer set 2; lane 3, products amplified with primer set 1. Bent arrow indicates presence of targeted gene. B, OsDPR genomic 
sequence structure and primer design. Transcriptional start site (TSS) is indicated by bent arrow. ORF is located in first exon (black region). C, Nucleotide 
sequence of OsDPR. TSS at base pair 188 is shown by bent arrow. Sequence highlighted in gray is CpG island and includes 157 non-transcribed bp, TSS, a 
284-bp 5′ UTR sequence, and 15 bp of coding region. Sequences in bold are exons of OsDPR; underlined sequence in first exon is the ORF. Boxes show  
boundaries of introns following GT-AG rule. 
RNA using primer set 2 (p2 and p3), but there was no am-
plification product detected using primer set 1 (p1 and p3) 
(Figure 3A). The results confirmed those from the predic-
tive bioinformatics analysis of the OsDPR sequence, and 
identified the TSS of OsDPR (Figure 3C). There is a CpG 
island within the promoter and the adjacent exon 1 of 
OsDPR. The boundaries of the introns strictly follow the 
GT-AG rule. The genomic sequence of OsDPR is shown in 
Figure 3C (GenBank accession number: DQ434846). 
The OsDPR sequence was analyzed using bioinformatics 
tools. Using the TMHMM Server v.2.0, it was predicted 
that the OsDPR protein has a transmembrane domain near 
its C-terminus (Figure 4A). The SignalP-HMM (euk) pre-
diction indicated that OsDPR might include a signal peptide 
approximately 19 amino acid residues long at its N-terminus 
(Figure 4B). The ExPASy PROSITE database suggested 
that there is a leucine zipper structure (L-x(6)-L-x(6)-     
L-x(6)-L) in OsDPR, located from amino acid residues 56 
to 77 (Figure 4C). The leucine zipper pattern is present in 
many proteins that regulate gene expression, such as tran-
scriptional factors/repressors and enhancer binding proteins, 
and it has been proposed to explain the function of some 
eukaryotic proteins regulating gene expression. The leucine 
zipper consists of a periodic repetition of leucine residues at 
every seventh position. The segments containing these pe-
riodic arrays of leucine residues seem to exist in an al-
pha-helical conformation. The leucine side chains extending 
from one alpha-helix interact with those from a similar  
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Figure 4  Analysis of OsDPR protein sequence. A, Transmembrane 
structure prediction result from TMHMM Server v.2.0. Abscissa represents 
amino acid sequence. B, Signal peptide prediction result from Sig-
nalP-HMM (euk). C, Leucine zipper pattern in OsDPR. OsDPR amino acid 
sequence is shown. Boxed sequence represents leucine zipper structure in  
which the repetitive leucine residues are shown in light grey. 
alpha helix of a second polypeptide, facilitating dimerization 
to function (http://prosite.expasy.org/cgi-bin/prosite/nicedoc. 
pl?PS00029). This analysis raised the possibility that 
OsDPR may directly or indirectly interact with DNA se-
quences through dimerization. A search of public databases 
with OsDPR using BLASTp did not reveal any proteins 
with high levels of amino acid sequence similarity. 
2.3  OsDPR suppresses growth of transgenic tobacco 
plants 
To investigate the biological function of OsDPR, we con-
structed the stable plant expression vector pCAM-
BIA1302-OsDPR::GFP and produced transgenic tobacco 
plants. Wild-type and T3 transgenic tobacco progeny were 
grown under identical conditions and observed simultane-
ously. Phenotypic analysis indicated that the shoots of 
OsDPR-transgenic tobacco plants were smaller than those 
of wild-type plants (Figure 5A). The quantitative difference 
of seedling height between transgenic and wild-type plants 
is shown in Figure 5C. The roots of the transgenic tobacco 
plants were shorter than those of the wild-type plants under 
both iron-deficient and -sufficient conditions (Figure 5B). 
The quantitative comparison of root length between trans-
genic and wild-type plants is shown in Figure 5D. OsDPR 
expression resulted in reduced sizes of aerial parts and roots, 
indicating that OsDPR impedes the growth of tobacco 
plants.  
The growth suppression caused by OsDPR was even 
stronger under iron-deficient conditions, because the roots 
of OsDPR-transgenic plants were even shorter than those of 
wild-type under iron deficiency (Figure 5D). Analysis of the 
OsDPR::GFP expression pattern, as detected by a 
GFP-Meter, showed that OsDPR::GFP was expressed in 
transformed plants at higher levels in iron-deficient condi-
tions (Figure 5E). Thus, it can be presumed that the expres-
sion of OsDPR is also regulated by iron at the translational 
level. Transgenic tobacco plants accumulated more OsDPR 
under iron deficiency, resulting in a stronger suppression 
effect on root growth. As a novel gene, OsDPR was highly 
expressed under iron deficiency, and its protein translation  
 
 
Figure 5  Comparison of phenotypes between wild-type and OsDPR-transgenic tobacco plants. A, Wild-type and OsDPR-transgenic tobacco plants on the 
38th day after germination. B, Comparison of root length between transgenic and wild-type plants. Plants were cultivated on MS medium with (+Fe) or 
without (Fe) iron. Scale bar, 5 mm. C, Quantitative comparison of seedling height between transgenic and wild-type tobacco plants after 78 days growth. D, 
Quantitative comparison of root length between transgenic and wild-type plants (*, P<0.05; **, P<0.01; n=12; three transgenic lines were evaluated). E, 
Detection of OsDPR::GFP expression in tobacco leaves. Plants were cultivated with (+Fe) or without (Fe) iron. High detection values in wild-type plant are  
due to spontaneous fluorescence. 
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may also be regulated by iron.  
Following successful germination, plant growth depends 
on a combination of two essential processes; cell division 
and cell expansion. These two processes play essential roles 
in the determination of plant size [13]. The growth-limiting 
effects of various kinds of stress have been related to their 
effects on the regulation of elongation and cell division [10]. 
As shown above, the OsDPR-transgenic plants exhibited 
reduced size of aerial parts, as well as shortened roots. To 
gain insight into how cell proliferation and/or cell expansion 
is regulated by OsDPR, we compared the morphology of 
root cells between the OsDPR-transgenic and wild-type 
tobacco plants by PI staining and laser scanning confocal 
microscopy. In the mature zone of the root tip, the cell size 
and shape were almost the same between wild-type and 
transgenic plants (Figure 6A). Furthermore, the cell length 
was not significantly different between the transgenic and 
wild-type plants (Figure 6B). These findings suggested that 
the root length of transgenic plants was limited by cell 
number, not cell size. This implied that a defect in cell pro-
liferation, rather than cell expansion, was responsible for the 
dwarf phenotype of transgenic plants [14]. 
2.4  OsDPR slows cell proliferation in transgenic BY-2 
cells  
OsDPR-transgenic tobacco plants showed a clear growth 
defect, but had normal cell types, cell size, and cell shape. 
Therefore, we investigated whether OsDPR affected plant 
cell proliferation. We produced transformants of tobacco 
BY-2 cells expressing OsDPR (Figure 7B). Wild-type and 
OsDPR-transgenic BY-2 cells were cultured in identical NT 
medium and the fresh weight (Figure 7A) and A600 value 
(Figure 7C) of the two types of cells were measured every 
other day to determine the cell proliferation rate. Both the 
fresh weight and A600 value measurement indicated that the 
overall mass and cell number of OsDPR-transgenic BY-2 
cells were lower than those of wild-type cells after the same 
period of culture. This indicated that the rate of cell produc-
tion was significantly reduced in OsDPR transformants, and 
implied that OsDPR caused defects in normal cell division 
of BY-2 cells.  
2.5  Down-regulation of CyclinD2.1 in OsDPR-trans-     
genic tobacco plants  
In many cases, suppression of cell division activity is di-
rectly related to slower cell cycle progression. Since the rate 
of cell division was reduced by OsDPR, we anticipated that 
the transformants could have a defect in cell cycle progres-
sion. To investigate the role of OsDPR in the plant cell cy-
cle, we examined the expression of a cell cycle check-
point-related gene, CyclinD2.1, in OsDPR-transgenic and 
wild-type tobacco plants. There are essential regulatory 
checkpoints in the plant cell cycle. Cyclins and cytokines 
involved in the regulation of these checkpoints play an im-
portant role in cell division [15]. The D-type cyclins, which 
belong to the G1-phase cyclins, are required during the 
G1-to-S transition, which is a primary control point in the 
plant cell cycle [16]. Plant D-type cyclins respond to extra-
cellular signals during the G1 phase [17] and are important 
sensors of cell cycle progress [2]. The modulation of plant 
growth rate is achieved by D-type cyclins [17]. 
The expression of CyclinD2.1 in wild-type and T3 prog-
eny of transgenic tobacco plants was detected by real-time 
PCR. Its expression in OsDPR-transgenic tobacco plants 
was significantly down-regulated compared with that in 
wild-type plants (Figure 8). This negative correlation sug-
gested that OsDPR may participate in events controlling the 
cell cycle, so that cell division in OsDPR transformants was 
hindered, thereby reducing overall plant growth. 
2.6  Nuclear localization of OsDPR  
The results described above allowed us to identify the inhi-
bition of plant growth caused by OsDPR. However, it was  
 
 
Figure 6  Root cells in wild-type and OsDPR-transgenic tobacco plants. A, Roots of transgenic and wild-type tobacco plants stained with PI solution. Scale 
bar, 50 μm. B, Quantitative comparison of cell length between transgenic and wild-type tobacco plants (120 mature cells from each sample were measured). 
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Figure 7  Growth rate of wild-type and OsDPR-transgenic BY-2 cells. A, 
Comparison of fresh weight between wild-type and transgenic BY-2 cells. 
A 1-mL aliquot of BY-2 cells was measured every other day. B, Western 
blotting of OsDPR::GFP in BY-2 cells. Extracts from wild-type BY-2 cells 
(lane 1) and extracts from transgenic cells (lanes 2 and 3); the 35-kD fusion 
protein OsDPR::GFP was detected with an anti-GFP antibody. C, Compar-
ison of A600 value between wild-type and transgenic BY-2 cells. *, P<0.05;  
**, P<0.01, n=3. 
 
Figure 8  Real-time PCR of CyclinD2.1 expression in tobacco plants. 
OsDPR-4, OsDPR-5, and OsDPR-7 are three different lines of transgenic 
tobacco plants. Wild-type tobacco (WT) served as the control. Inset pic-
tures in the bar chart are melt curves of Actin and CyclinD2.1. **, P<0.01,  
n=3. 
unclear how the phenotypes of the transformants were pro-
duced and how OsDPR down-regulated the expression of 
CyclinD2.1. Therefore, we investigated the cellular location 
of OsDPR to further analyze its function. To determine the 
subcellular localization of OsDPR, green fluorescent protein 
(GFP) fused with OsDPR (OsDPR::GFP) was transiently 
expressed in onion epidermal cells, and the GFP fluores-
cence was observed by laser scanning confocal microscopy. 
As shown in Figure 9, the fusion protein was clearly target-
ed to the nucleus, while the fluorescence was fairly uniform 
in the control cells expressing free GFP. No fluorescence 
was detected in untransformed onion epidermis (data not 
shown).  
2.7  Suppressed phenotype in OsDPR-transgenic rice 
seedlings 
To further clarify the effects of OsDPR expression on 
growth of rice plants, we transformed rice plants and ob-
tained T0 transformants. The ectopic expression of 
OsDPR::GFP in transformants was detected by RT-PCR 
(Figure 10C). By comparing the phenotypes between trans-
genic and wild-type seedlings, we preliminarily confirmed 
that OsDPR inhibited rice growth. Under identical culture 
conditions, transgenic rice plants were clearly undersized 
(Figure 10A). This kind of phenotype was observed in more 
than 10 independent transgenic lines (Figure 10D). Figure 
10B shows the quantitative comparison of seedling height 
between transgenic and non-transgenic plants. Compared 
with non-transgenic plants, the seedling height of trans-
formants was significantly lower. These results indicated 
that OsDPR also restrained the growth of rice plants. 
3  Discussion 
The absorption and utilization of iron in plants is a complex 
and highly coordinated process. To cope with low iron sup- 
 
 
Figure 9  Subcellular localization of OsDPR::GFP fusion protein in onion 
epidermal cells. A and B, Light and fluorescent micrographs of onion 
epidermal cells with free GFP expression. C and D, Light and fluorescent 
micrographs of onion epidermal cells showing OsDPR::GFP localization  
pattern. Scale bar, 10 m. 
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Figure 10  A, Comparison of phenotypes between OsDPR-transgenic and 
wild-type (WT) rice plants. B, Quantitative comparison of seedling height 
between transgenic and WT rice plants. *, P<0.05, n=12. C, Expression of 
OsDPR::GFP detected by RT-PCR. Marker D2000 (Tiangen Biotech, 
China) was used. Bands 465-bp long were amplified. Lane 1, positive 
control; lane 2, WT; lanes 3–8, six independent lines of transgenic rice 
plants. D, Overall comparison of growth between transgenic and WT rice  
plants in the field. 
ply, plants initiate adaptive strategies and modulate the ex-
pressions of many related genes, which results in a series of 
physiological and morphological changes. In this study, we 
analyzed a gene, OsDPR, which is up-regulated under iron 
deficiency. The phenotype of the OsDPR-transgenic tobac-
co plants indicated that OsDPR restrained overall plant 
growth, including growth of roots and shoots. Plant growth 
is determined by two successive cellular processes; cell 
elongation and cell proliferation [2]. To understand the ef-
fect of OsDPR expression on plant cells, we observed the 
root cell morphology of transformed tobacco plants and 
compared proliferation rates of transgenic and wild-type 
BY-2 cells. The size and shape of cells was similar between 
transformants and wild-type plants, whereas OsDPR clearly 
slowed the proliferation rate of transgenic BY-2 cells. These 
results suggested that the inhibitory effects of OsDPR on 
plant growth were mainly related to cell division, not cell 
expansion. In addition, OsDPR down-regulated the tran-
scription of the cell cycle-related gene CyclinD2.1. The 
D-type cyclins belong to the G1-phase cyclins and play an 
important role during the G1-to-S transition, which is a 
primary control point in the plant cell cycle and is essential 
for modulation of plant growth [16]. They respond to extra-
cellular signals such as sucrose and hormones. The expres-
sion of CyclinD can be stimulated by these signals [17]. 
Research has shown that ectopic expression of CyclinD2.1 
in tobacco accelerates the rate of cell production by short-
ening the duration of the cell cycle [14]. In general, D-type 
cyclins are important sensors and also rate-limiting regula-
tors of cell cycle progress [2]. Our study demonstrated that 
OsDPR down-regulates CyclinD2.1 in tobacco plants and 
negatively regulates plant cell division. However, the mo-
lecular mechanisms underlying the suppression effects of 
OsDPR are largely unknown. 
We determined the subcellular localization of OsDPR in 
onion epidermal cells. The fusion protein OsDPR::GFP was 
clearly targeted to the nucleus. The sequence of OsDPR 
includes a leucine zipper structure, which is a functional 
structure of many regulatory DNA-binding proteins such as 
transcription factors and enhancer binding proteins. Hence, 
the presence of this domain suggested that OsDPR might 
interact with DNA and play a role in the nucleus. The ex-
pression of CyclinD2.1 was reduced by the OsDPR-     
transgene, so OsDPR may function as a transcriptional re-
pressor in the nucleus. However, it was predicted by 
PSORT (http://psort.hgc.jp/) that OsDPR has no nuclear 
localization signal (NLS). Notably, some nuclear proteins, 
especially proteins with low molecular weight, do not in-
clude a typical NLS [18]. Further studies are required to 
clarify the functional mechanism of OsDPR in plant cells. 
According to the sequence analysis, OsDPR has a trans-
membrane domain near its C-terminus, but we did not de-
tect membrane localization of OsDPR. It is possible that it 
is not a membrane protein, and that the transmembrane do-
main may be a hydrophobic part within the folding protein. 
There is a CpG island within the promoter and the adjacent 
exon 1 of OsDPR. Methylation of the CpG island might be 
involved in regulating the activity of the gene [19]. We 
searched public databases with OsDPR, but found no pro-
teins with high levels of amino acid sequence similarity. 
Therefore, OsDPR is a novel gene that participates in regu-
lating plant growth. 
OsDPR is a rice gene induced by iron deficiency. Our 
results showed that it suppresses growth in both tobacco and 
rice plants. This suppressive effect may be a kind of adap-
tive response in plants under iron-deficient conditions. After 
years of evolution, plants have gradually acquired a variety 
of strategies to adapt to adverse environmental conditions. 
Under iron deficiency, some iron-related genes in plants, 
like IRT1 and FRO1, are highly expressed to enhance the 
efficiency of iron uptake. There are also some changes in 
morphology, such as more abundant and longer root hairs, 
which expand the area for iron absorption. While actively 
improving the plant’s ability to take up iron, plants might 
reduce iron use to keep growing with minimum nutrition 
consumption. The gene OsDPR is predicted to function in 
such an “economical” strategy. That is, when iron is insuf-
ficient, OsDPR slows the growth rate of plants, reducing the 
consumption of nutrients. This would enable the plant to 
survive with a low cost. Therefore, it is predicted that 
OsDPR plays a protective role in rice under iron deficiency 
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to some extent. However, further research is needed to de-
termine the specific function and mechanism of OsDPR 
under iron deficiency.  
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